The paper describes various gas turbine cycles which are practical from a process industry standpoint. Several cycles and their actual applications in the field have been dealt with in detail. These cycles should make the gas turbine a more competitive driver for the process industry.
INTRODUCTION
The gas turbine in the process industry has not been as well accepted as it should. This is due to many reasons. The low efficiency and high maintenance costs are the most common reasons given by users. Higher temperatures and new cycle concepts have raised the turbine efficiency considerably. The availability record of the gas turbine is actually very good. A survey conducted by the Gas Turbine Laboratories at Texas A&M University of about 100 users of the turbines in the process industry indicates availability rates high power to weight ratio with low initial cost. One of the major drawbacks of the simple cycle engine is that it suffers from a low system thermal efficiency due to the energy lost because of the high exhaust gas temperatures. The overall efficiency may be increased by raising the turbine inlet temperature, as indicated in Fig. 2 (1). 1 An important variation of the simple cycle is the split-shaft, or free-power turbine cycle. This cycle, shown in Fig. 3 , comprises two turbines, together with a compressor and a as high as 98 percent, with an average availability combustor. One of these turbines is used to drive rate of about 92-94 percent. Therefore, with the the compressor, while the other turbine supplies advent of new technology, the turbine is getting the net power output. The compressor, combustor, to be more competititve as a driver in the process and the first turbine constitute a gasifier unit industry. and provide energy to the power turbine. Another major advantage is the adaptability
The main advantage of the split-shaft gas of the turbine to many unique cycles. In this turbine cycle is that the free-power turbine gives paper, an attempt has been made to show the various a high torque at low rpm and a faster response practical cycles which are available for use in time under varying loads. This is a desirable process plants. Wherever possible, attempts have feature for vehicular applications and certain been made to give examples of existing process process industries. For the case of constant plant applications. power generation (base load generators), this cycle is of little or no value, due to the BASIC GAS TURBINE CYCLES increased costs and complexity of the system. The energy of the hot exhaust gases can be The simple Brayton cycle is the most common recovered and utilized by employing a regenerative type of cycle being used in gas turbines in the 1 field today. A simple cycle engine shown Numbers in parentheses designate Referschematically in Fig. 1 offers the advantage of a ences at end of paper. turbine work at no bleed off per unit mass flow rate compressor work at no bleed off per unit mass flow rate ratio of turbine mass flow rate with bleed off to that at zero bleed off c = ratio of compressor mass flow rate with bleed off to that at zero bleed off Tx(t) = turbine isentropic efficiency with bleed off (c) nc x = compressor isentropic efficiency with bleed off T3 = turbine inlet temperature T1 = compressor inlet temperature rpm = total pressure ratio with bleed off k = ratio of specific heats Fig. 2 Effect of turbine inlet temperature on performance of simple cycle gas turbine at various pressure ratios cycle to increase the thermal efficiency of a gas turbine. This is done, as shown in Fig. 4 , by using the exhaust gases from the turbine to heat the compressed air as it leaves the compressor prior to its reaching the combustor.
A comparison of Fig. 2 and Fig. 5 indicates that there is an increase of about 42 percent in the thermal efficiency of a regenerative cycle as compared to the simple cycle gas turbine at the same operating point. The work output per pound of air flow is about the same or slightly less S Fig. 3 Split-shaft simple Brayton cycle than that of the simple cycle. Another very important fact to note is that the point of maximum efficiency for the regenerative cycle occurs at a lower pressure ratio than that of the simple cycle. Thus, when gas turbines are designed, the choice of a pressure ratio is such that maximum benefit from both cycles may be obtained. This is because regenerators are usually offered as options by various manufacturers. This is not to say that a regenerator at off-design conditions would not be effective, but a proper analysis should be made before such a large expense is incurred.
INTERCOOLED BRAYTON CYCLE
For high-pressure ratio compressors, it becomes necessary to reduce the compressor work in every way possible. By reducing the temperature of the compressed air between stages, the volume of the air is reduced, thereby decreasing the work required to compress the air. This is known as intercooling, and a cycle incorporating this is shown in ability of the steam turbine, in the event of the to acceptable levels and increasing the mass flow gas turbine shutdown. Gas turbine exhaust, still rate through the turbine. This results in an rich in oxygen, can serve as preheated combustion increase in turbine work output. With a 5 percent air for the boiler, increasing its efficiency. injection at 2260 R (1255 K) and a pressure ratio Industrial power plants are usually smaller of 8.5, about a 20 percent increase in work is than central power plants and less efficient. The noted with an increase of about 12 percent in cycle fuel savings made possible by utilizing the combined efficiency over that experienced in the case of cycle helps offset this loss in efficiency. Where the simple cycle. This is shown in Fig. 9 , process steam is required, the initial investment can be lowered by employing a back pressure turbine, RANKINE-BRAYTON CYCLE which requires no condenser, thereby reducing One good method for recovering heat from the structural requirements and costs. 
APPLICATIONS OF GAS TURBINE CYCLES
The extent to which previously discussed cycles are utilized for any particular application is limited only by the needs and imagination of the users and manufacturers. In the case of process industries, the combination cycles can be utilized for auxiliary purposes.
Gasifier Units
A modification becoming more popular is a derivative of the free-power turbine concept in which an aircraft jet engine is used as a gasifier unit for a separate power turbine. The jet engine is connected to the power turbine only by the air duct, which carries the hot exhaust gases from the exit of the gasifier unit to the power turbine. This eliminates the complex problem of correctly aligning mechanically coupled shafts. Should the gasifier unit need to be replaced, due to a Fig. 10 Rankine-Brayton cycle failure or other maintenance problem, replacing the faulty unit is much simpler and quicker. Such an application permits taking advantage of the advanced technology of the aircraft industry producing lightweight compact units which are easier to handle and cheaper to transport. Multiple gasifier units can be employed in tandem to provide power to a single power turbine (2) . A variation of such a design is used in a power plant in Ohio, in which ten jet engines are mounted around the periphery and parallel to the shaft of a large single-stage power turbine. This is shown in Fig. 12 .
In a recent installation employing a RollsRoyce RB-211 gas generator powering a CooperBessemer Coberra 264 gas turbine, an overall (4) discharge air passes through an intercooler, a step-up compressor, and then through a catalytic burner, consisting of platinum gauze with ammonia for fuel. The outlet from the catalytic burner passes through a series of high-temperature heat exchangers that cool the gases from 1600 F (871 C) to less than 200 F (93 C). The gases are then passed through a bubble tower where the NO, forms the nitric acid. The remaining gas, with approximately 2 percent oxygen, returns through the heat exchangers where it is heated to about 800 F (427 C). Water is used to remove part of the heat of the gas. The gas then passes to a second catalytic burner with platinum gauze, using natural gas as a fuel. The outlet of the second burner at 1250 F (677 C) passes to the inlet of the gas turbine where it is expanded to drive the compressors. The exhaust from the gas turbine passes through a waste heat boiler, and the steam produced is injected into the hot gas stream, entering the gas turbine to replenish the flow that was lost when most of the oxygen was removed while forming nitric acid. The use of a gas turbine to provide compressed air for this process results in a 30 percent increase in efficiency as compared to a plant relying on external power with no heat recovery.
Another process industry application, which requires hot gases with a large amount of oxygen This same idea could be used to obtain compressed air from gas turbine units when the rated output of the unit is not needed' The decrease in the gas turbine output work at any given bleed-off condition, expressed as a fraction of the work output at no bleed off, can be Britten as
Facilities using gas turbines to power I px still available, takes advantage of a gasifier machinery (generators, pumps, compressors, etc.) unit. These gases are passed through the catalyst could regulate the amount of compressed air which bed of a butadiene plant to regenerate the catalyst is extracted from the unit. During intervals, Fig. 14 shows a schematic of such a system (4).
Compressed Gas Units
A gas turbine can be used to drive a compressor for obtaining compressed gases or pumping gases. Where compressed air is required, it can be obtained directly from the gas turbine compressor. In many process applications, a portion of the compressed air is extracted prior to introduction of the fuel. When this method is utilized, the power output of the turbine when only partial power is required, the compressors can still continue to operate at optimum conditions and also provide compressed air for auxiliary purposes. Fig. 16 shows a bleed-off system.
Blast Furnace Blower Unit
In conventional blast furnaces, a steam turbine is used to drive the compressor supplyin g; air to the furnace. When it is necessary to "tap" a melt, the air flow requirements are reduced, so the speed of the turbine must be lowered or air 
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vented to the atmosphere to prevent compressor surge. By utilizing an extraction type of gas turbine, the air flow to the furnace can be reduced, forcing a larger proportion of airflow through the turbine, eliminating the danger of surge. This is shown in Fig. 17 . The gas turbine efficiency is higher than that of the steam plant, since the large volume of dilutants (excess air) in the blast furnace gas reduces the boiler efficiency, due to higher stack losses. In the case of the gas turbine, excess air (or dilutants) is required to reduce the combustion temperatures prior to entering the turbine. Therefore, the gas turbine efficiency is not affected.
Total Energy Concept
A combination of several of the cycles described in this paper gives rise to the total energy concept (5). Total energy is essentially the use of an initial energy source to perform more than one task. This is accomplished by using natural gas, or fuel oil, to power a combined Rankine-Brayton cycle. A gas turbine is used to drive a generator, and the exhaust is passed through a waste heat boiler to produce steam. This steam runs a steam turbine, which is also coupled to an electric generator. Lowpressure steam is extracted from the steam turbine and used to produce hot water and chilled water. Air conditioning is provided by supplying extracted steam to centrifugal water chillers and absorption units. It is possible to meet heating requirements through heat exchangers using steam from the steam turbines. These utilities are then distributed to various buildings. Waste heat is also used to heat fuel oil and to supply low-temperature requirements.
The Texas A&M University campus has been designed on such a total energy concept. This system is one of the largest and most complex The power plant also provides heating water and chilled water for a centralized air conditioning system. Steam is generated in four boilers, one of which is a heat recovery type with supplementary firing. This boiler uses the exhaust gases from the gas turbine to provide about 50 percent of its total heat requirements. The schematic representation of this plant is shown in Fig. 18 .
CONCLUSIONS
This paper is an overview of the many cycles available today on which the process engineer can base his designs. The cycles presented here are actual practical cycles which have, in one form or another, been used. The gasifier units have been used by pipeline engineers in many applications and have an excellent track record. The nitric acid plant described here may be one of the most complex cycles undertaken and yet has demonstrated great reliability with well over 100,000 hr of operation. The concept of using the compressor bleed-off air is very attractive in many applications and can take the place of a costly driver and compressor. The total energy concept is being used more widely today than ever before. This leads to high thermal efficiencies of about 50 percent.
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